Previous work has demonstrated that E2F proteins regulate the expression of various genes encoding proteins essential for DNA replication and cell-cycle progression. E2F1 in particular is required for the initial entry to the cell cycle from a quiescent state and is required for the activation of other E2F genes. Other work has demonstrated a role for the Myc transcription factor in the activation of a large number of genes associated with cell growth, including E2F genes. We now show that Myc is required to allow the interaction of the E2F1 protein with the E2F gene promoters. As such, Myc thus provides a link between the development of a growth-competent state during the initial stage of G 1 and the activation of genes essential for DNA replication at G 1 /S.
Introduction
A complex network of signaling pathways regulate the passage of a cell from quiescence into the cell cycle. Central in this process is the action of the c-Myc protein to activate transcription of a large number of genes involved in the cell growth process. The Myc-Max heterodimer selectively recognizes E box elements on DNA sequences to activate transcription (Cole and McMahon, 1999; Grandori et al., 2000) . It's been estimated that Myc has a strong binding affinity to no less than 11% of promoters within the human genome (Fernandez et al., 2003) . Although many genome-wide studies have focused on identifying gene promoters bound by Myc, more recent work has shown that Myc alone is not sufficient to induce expression of most target genes (Frank et al., 2001; Fernandez et al., 2003) .
Although the Myc transactivation program is clearly complex, it does appear that one feature is the activation of genes encoding activities essential for cell growth including many that encode cell metabolic activities.
In addition to the metabolic genes essential for cell growth, additional genes regulated by Myc are the E2F genes. Myc has been shown to interact with the E2F1 promoter in chromatin immunoprecipitation (ChIP) experiments (Fernandez et al., 2003) and Myc induces the expression of the E2F1, E2F2 and E2F3 genes when overexpressed (Leone et al., 2001; Fernandez et al., 2003) . The E2F family of transcription factors currently includes three proteins, E2F 1, 2 and 3 (hereon collectively referred to as E2Fs unless otherwise stated), which are considered to be activators of transcription and critical for the progression into S phase. Although E2Fs 1, 2 and 3 have often been collectively grouped together as a result of their role as activators of transcription, we have previously observed that these E2Fs possess distinct roles in the context of cell proliferation. Ablation of E2F1 function has demonstrated a requirement for this E2F protein in allowing cells to enter a proliferative cycle from quiescence; in contrast, E2F1 is not required once cells are in a proliferative mode (Leone et al., 1998; Kong et al., 2007) . E2F3 is required for both the initial cell-cycle entry and continued proliferation.
Consistent with previous studies indicating a role for Myc in the activation of E2F genes, we now find that Myc interacts with the E2F1, E2F2 and E2F3 promoters following stimulation of cell growth. Importantly, we also show that this interaction is essential for the loading of E2F1 to the E2F promoters. These observations suggest a link between the action of Myc in promoting cell growth and the cellular decision to enter the cell cycle.
Results
The promoter sequences of the E2F genes possess E box elements and E2F sites (Figure 1a) . Studies of the E2F promoters have shown that these genes are induced by Myc, dependent on the E box sites Adams et al., 2000) and by E2F1, dependent on the E2F sites within the promoter (Giangrande et al., 2004) . Additionally, ectopic expression of Myc via transient transfection has been shown to elevate levels of both E2F1 and E2F3a mRNA (Leone et al., 1997; Adams et al., 2000) while Cre-Lox mediated acute deletion of Myc reduces E2F2 levels in mouse embryo fibroblast cells (Walker et al., 2005) . To further explore the role of Myc and E2F1 in the regulation of the E2F promoters, we initially made use of ChIP assays to measure the potential interaction of Myc and E2F1 with the E2F promoters following the stimulation of cell growth. We utilized human glioblastoma T98G cells in our experiments, based on their capacity to synchronize efficiently (Takahashi et al., 2000; Giangrande et al., 2004) . T98G cells were synchronized in quiescence by serum starvation, stimulated to enter the cell cycle by addition of 20% serum and then prepared for ChIP analysis, as described previously (Takahashi et al., 2000) . As shown in Figure 1b , ChIP analysis revealed that Myc bound to the E2F1, E2F2 and E2F3 promoters as early as 4 h following serum stimulation and persisted on these promoters through S phase (16 h). E2F1 protein was detected on the E2F1, E2F2 and E2F3 promoters at 12 and 16 h following serum stimulation, times corresponding to the previously documented initiation of E2F mRNA and protein accumulation (DeGregori et al., 1995; Leone et al., 1998) . Examination of the levels of Myc and E2F1 in these nuclear fractions by western blot revealed that the patterns of Myc and E2F1 binding to E2F promoters coincided with the kinetics of protein accumulation for both proteins (Figure 1c) .
We also assayed the interaction of Myc and E2F1 with promoters using ChIP together with quantitative real-time PCR and included immunoprecipitations with normal rabbit serum (NR) and PCR amplified regions 5 kb upstream of our DNA region of interest as negative controls. As shown in Figure 2 , these assays again revealed that Myc bound to the E2F promoters as early as 4 h following serum stimulation and the E2F1 protein was detected on the E2F promoters at 12 and 16 h following serum stimulation. Assays using primers specific for nonpromoter sequences in the E2F genes failed to detect an interaction of either Myc or E2F1 providing further evidence for specificity. The binding of Myc to the first intron of the ornithine decarboxylase gene (ODC), a bona fide Myc target gene (BelloFernandez et al., 1993) , provided additional evidence for Myc promoter interaction specificity ( Figure 2d) .
As an initial strategy to assess the role of Myc in facilitating the interaction of E2F1 with the E2F promoters, we have made use of a series of reporter constructs in which Myc or E2F1 binding sites have been mutated in the E2F2 promoter ( Figure 3a ; Sears et al., 1997) . Our constructs include a wild-type version of the E2F2 promoter fused to luciferase (E2F2-Luc (WT)), a reporter in which all three E box elements have been mutated (E2F2-Ebox3-Luc (-Ebox)) and a reporter with mutations in all E2F binding sites (E2F2-E2F-Luc (-E2F)). As shown in Figure 3b , the ability of E2F1 to stimulate the E2F2 promoter was clearly dependent on the presence of E2F binding elements, a result consistent with previous work . Most importantly, the ability of E2F1 to stimulate the promoter was equally dependent on the E box elements suggesting a role for Myc in the E2F1-mediated activation of the E2F2 promoter.
We next determined if the interaction of E2F1 with the E2F2 promoter was also dependent on the E box elements (Figure 3c ). We have made use of ChIP assays that measure the interaction of proteins with plasmidbased sequences to allow the determination of the role of specific elements in the interaction (Giangrande et al., 2004) . T98G cells were transiently transfected with the various reporter constructs described above, and then brought to quiescence by serum deprivation. The cells were then stimulated to grow and harvested at various to the E2F promoters. T98G cells were synchronized by serum starvation and then stimulated to enter cycle with 20% fetal bovine serum . Cells were formaldehyde crosslinked and processed for ChIP analyses at the times indicated. Immunoprecipitations were performed using normal rabbit serum (NR), anti-cMyc (N262) and anti-E2F1 (KH95) antibodies. Semiquantitative radioactive PCR was performed with 32 P-dCTP and primers specific for the gene promoters indicated. Products were analysed by 6% acrylamide gel. (c) Nuclear lysates harvested for panel B were separated by SDS-PAGE and examined by western blot analysis using antibodies against c-Myc (N262) and E2F1 (KH95).
times after the addition of serum. Plasmid promoter sequences associated with Myc and E2F1 were immunoprecipitated from nuclear extracts of sonicated chromatin and then analysed by semiquantitative PCR with primers specific for the reporter construct. Immunoprecipitations performed with NR, as well as PCR with primers specific for the Renilla control DNA was performed to serve as negative controls. By using primers that were plasmid specific, we were able to distinguish the E2F2 reporter constructs from the endogenous E2F2 gene promoter.
Consistent with the results from assays on the endogenous E2F2 gene, Myc was found to interact with the wild-type E2F2 reporter at 4 h and 16 h after serum addition, while E2F1 bound to the wild-type promoter only at 16 h ( Figure 3c ). These binding patterns thus provide evidence that the interactions on the plasmidbased promoter accurately reflect the interactions with the endogenous promoter. Mutation of the E box elements eliminated the binding of Myc to the promoter whereas mutation of the E2F elements had no effect on Myc binding. As expected, mutation of the E2F elements abolished binding of E2F1 to the promoter. Interestingly, mutation of the E box elements not only abolished Myc binding to the E2F2 promoter, but importantly also abolished the binding of E2F1 to the promoter. Taken together, the results demonstrate an important role for the E box elements in recruiting Myc and allowing E2F1 to bind and activate the E2F2 promoter.
The essential role of the E box elements in permitting E2F1 binding to the E2F2 promoter, suggests that Myc is required to initiate the formation of a functional promoter complex. To directly address this possibility, we performed ChIP assays in cells expressing short hairpin (sh)RNAs that target Myc. We utilized adenovirus-based shRNAs expressed under the control of a U6 promoter to achieve an acute and more efficient knockdown of Myc. One of the shRNA-expressing adenoviruses (sh1) was observed to be effective in reducing Myc protein levels compared to a second shRNA-expressing adenovirus virus (control) which had a negligible impact on Myc levels when compared to sh1 (Figure 4a ) or the ad vector (data not shown). T98G cells were infected with sh1 to knockdown Myc expression or the control (Figure 4a ). Since Myc is required for E2F1 accumulation, we provided E2F1 independent of Myc by additionally infecting cells with an adenovirus expressing HA-tagged E2F1 under the control of a CMV promoter. Cells were then serum Immunoprecipitations performed with normal rabbit serum (NR), as well as qPCR with primers specific to regions B5 kb upstream of the binding sites, were performed to serve as negative controls. qPCR with primers specific to the albumin promoter were also performed. Final values reflecting promoter occupancy are reported as the percent of input DNA immunoprecipitated from each antibody after adjusting to input levels and normalization to albumin levels. Values reflecting E2F1 promoter occupancy by the E2F1 protein were graphed on a different scale as a result of the strong enrichment of the E2F1 promoter immunoprecipitated by the E2F1 antibody compared to the Myc antibody. stimulated and formaldehyde-crosslinked chromatin or protein lysates were collected in parallel 0, 4 and 16 h later (Figure 4b ). SDS-polyacrylamide gel electrophoresis (PAGE) followed by western blot analysis revealed equal levels of HA-E2F1 expressed (Figure 4a ). Chromatin fragments were immunoprecipitated with an antibody against E2F1 to detect endogenous E2F1 or an HA antibody to detect ectopically expressed HA-E2F1. Immunoprecipitations performed with NR, as well as quantitative PCR with primers specific for the albumin promoter, served as additional negative controls. As shown in Figures 4a and c , a reduction in Myc levels and Myc binding to the E2F1 promoter observed in cells infected with the control versus sh1 correlated with a reduction in binding of HA-E2F1 and endogenous E2F1 to the promoter. Similar results were observed with an additional shRNA targeting Myc expression (sh3; Supplementary Figure) . Taken together with the effects of altering the E box elements on E2F1 promoter interaction, we conclude that Myc interaction with the E2F promoters is required for E2F1 binding and subsequent activation of the genes.
Modification of nucleosomal histones has been widely accepted as a key step in transcriptional control. Acetylation of lysine residues at the N terminus of histone proteins removes positive charges, thereby reducing the affinity between histones and DNA and allowing easier access of transcription factors to DNA. Recent work has provided evidence that Myc may control transcription via recruitment of a variety of proteins including histone acetyltransferases to control histone acetylation (Eisenman, 2001 ). In particular, chromatin IP assays have shown that Myc interaction mediates acetylation of histone H4 associated with gene activation (Frank et al., 2001) . Given these results, and the role of Myc in facilitating E2F1 promoter Renilla and increasing amounts of HA-E2F1 activator DNA. Cells were harvested 24 h following transfection and the normalized luciferase activity was determined as the luciferase activity normalized to Renilla activity for each sample. Normalized luciferase activity is presented as fold activation. (c) Plasmid-based ChIP assay shows a role for E box elements in facilitating E2F1 promoter interaction. Asynchronously growing T98G cells were transfected with the indicated E2F2 Luc reporter constructs and Renilla DNA. 24 h following transfection cells were split at a 1:3 ratio into starvation media. Cells were starved for 48 h and then stimulated to enter cycle by addition of 20% fetal bovine serum. Cells were formaldehyde crosslinked and nuclear lysates collected and processed for ChIP at the times indicated. Immunoprecipitations were performed with normal rabbit serum (NR), anti-cMyc (N262) or anti-E2F1 (KH95) antibodies, and collected chromatin were subjected to PCR with primers specific to the control DNA plasmid (Renilla) and the E2F2 reporter construct (E2F2/pGL2). interaction, we have assessed acetylation of histone H4 on the E2F1 promoter. ChIP assays indeed revealed acetylated lysine residues on histone H4 with kinetics that paralleled the binding of Myc to the E2F1 promoter ( Figure 5 ). Importantly, knockdown of Myc expression markedly reduced acetylation on H4 ( Figure 5 ). Together with our earlier observations showing that Myc is needed to recruit E2F1 to the E2F promoters, we suggest that modification of histone acetylation by Myc may be one mechanism by which Myc facilitates recruitment of E2F1 to the E2F promoters.
Discussion
Previous work has established an important role for both Myc and E2F1 in the control of cell proliferation as well as cell fate decisions. Further studies have shown a dependence on E2F activities for certain Myc functions. The work we present here suggests a mechanism for cooperation between Myc and E2F1 to allow the activation of the E2F genes for cell-cycle entry. We demonstrate that Myc directly binds to the E2F gene promoter and that this binding is essential for the subsequent loading of E2F1 to the E2F gene promoters. Our observations suggest a central role for Myc in regulating the E2F genes as one aspect of Myc function in controlling cell proliferation.
The role of Myc and E2F1 as critical to the activation of the E2F transcriptional program must also be considered in the context of the observed complexity of E2F function. For example, previous work has shown that both E2F1 and E2F3 are necessary for cells to enter a proliferative process but only E2F3 is required in growing cells. As such, it would appear that E2F3 expression must become independent of E2F1 once cells enter the proliferative state. In addition, given the promoter. T98G cells described above were processed in parallel for ChIP analysis. Endogenous promoter sequences bound by Myc, E2F1 or HA-E2F1 were immunoprecipitated with a-Myc (N262), a-E2F1 (KH95) and a-HA(Y11) antibodies, respectively. Enrichment for specific E2F promoters were assessed by quantitative PCR as described in Figure 1 . Values reflecting E2F1 promoter occupancy by the E2F1 protein were graphed on a different scale as a result of the strong enrichment of the E2F1 promoter immunoprecipitated by the E2F1 antibody compared to the Myc antibody. apparent critical role of E2F1 in activating each of the E2F genes, how could only E2F3 be seen as essential for Myc-induced proliferation, as seen in our prior work, since one might anticipate that both E2F1 and E2F3 are required. We suspect that this largely reflects the consequence of compensation of function within the E2F family, as seen in several past studies.
Although we have observed a clear role for Myc in these experiments in facilitating the interaction of E2F1 with E2F promoters, the mechanism by which Myc recruits E2F1 likely differs from the mechanisms we have previously observed to underlie E2F promoter specificity. Previous work has demonstrated a role for direct, protein-protein interactions involving various E2F proteins in allowing a specific and stable promoter interaction. An example is the role of a TFE3-E2F3 interaction in generating a functional promoter interaction (Giangrande et al., 2003) . While such a scenario would be one possible mechanism by which Myc facilitates the E2F1 promoter binding, we have been unable to detect clear evidence for such an interaction.
Moreover, the fact that Myc interacts with the E2F promoters well before E2F1 binds is inconsistent with a mechanism of cooperative interaction. Rather, the results would suggest that the initial Myc interaction creates a state that facilitates the subsequent E2F1 interaction, possibly through a chromatin modification process. As such, we have demonstrated through ChIP assays that knockdown of Myc expression reduced acetylation on histone H4, consistent with previous work demonstrating a role for Myc in affecting H4 acetylation (Frank et al., 2001) .
Various studies have documented the importance of Myc for cell viability and a role in controlling a variety of genes associated with the regulation of cell growth. In particular, genetic studies would suggest that Myc is not required for cell-cycle transition, but rather for the regulated growth of cells as they enter a proliferative state (Johnston et al., 1999) . Such a role would be consistent with the nature of genes apparently regulated by Myc which include not only genes such as the E2Fs that are critical for generating the DNA replication machinery, but also a variety of genes encoding basic metabolic activities essential for growing cells. Indeed, recent large-scale ChIP assays have suggested a very widespread role for Myc in the regulation of transcription (Fernandez et al., 2003; Orian et al., 2003) . Our observation of a role for Myc in controlling the activation of E2F genes may provide a mechanism to link the preparation for initiating cell growth with the execution of the G 1 /S transition and the commitment to the cell cycle ( Figure 6 ). We propose that the requirement of Myc for activation of E2F genes may be to provide a 'licensing event', to ensure that the E2F genes are only activated when Myc activity has previously accumulated. Consistent with this speculation, recent studies have also indicated that Myc may act as a 'permissive' factor to allow other signals to activate target promoters (Frank et al., 2001) . By so doing in the context of E2F gene promoter regulation and cell-cycle progression, cells would then only enter S phase when all of the necessary components for cell growth, encoded by the other myriad of genes regulated by Myc, have properly accumulated. 
Materials and methods

Cell culture and synchronization
Human glioblastoma T98G cells and Plat-A cells (Morita et al., 2000) were maintained in Dulbelco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). T98G cells were synchronized in G 0 phase by starvation in DMEM supplemented with 0.1% FBS for 48 h and then stimulated to re-enter the cell cycle by addition of FBS to a final concentration of 20%.
Plasmids E2F2-Luc, E2F2-Ebox3-Luc (-Ebox3) and E2F2-E2F-Luc (-E2F) were described previously . pCDNA3-HAE2F1 plasmid (a gift from Dr W Krek, Friedrich Miescher Institute, Basel) was previously described (Lin et al., 2001) . pAdTrack and AdEasy were previously described (He et al., 1998; Kong et al., 2007) . pSuperior was purchased from Oligoengine (Seattle, WA, USA). Experiments requiring transfection of plasmids into cells were carried out using Superfect reagent (Qiagen, Valencia, CA, USA) or FuGene 6 according to manufacturer's protocol.
Viruses and RNA interference
The adenovirus expressing HA-E2F1 was described previously . Adenoviruses expressing shRNAs to target Myc were generated by cloning the U6 promoter and shRNA sequences into pAdTrack and adenoviruses were subsequently constructed using the AdEasy system (He et al., 1998; Kong et al., 2007) . Viruses used for the same experiment were titered simultaneously to avoid experimental variation and multiplicity of infection (MOI) was expressed as focus-forming units per ml (f.f.u. per ml) based on infection rate in 293 cells. Cells were generally infected with the desired adenovirus in DMEM/25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) in the absence of serum for 1.5 h with frequent rocking. After infection, medium containing the desired serum concentration was added to the cells. For ChIP assays to determine the dependence of E2F1 on Myc for promoter recognition, cells were infected with the desired shRNA-Ad at an MOI of 500 and starved for 48 h. Cells were then additionally infected with HA-E2F1 at an MOI of 20 and stimulated to enter the cell cycle for the period of times indicated. For ChIP assays to determine histone acetylation as a function of Myc, retroviruses expressing shRNAs were utilized to target Myc expression by cloning shRNA sequences into the pSuperior vector (Oligoengine). Retroviruses were packaged using Plat-A cells for infection of T98G cells (Morita et al., 2000) . Plasmid DNA was transfected into the packaging line using Fugene 6 transfection reagent (Roche, Basel, Switzerland). After 24 h, the media was changed and cells were incubated for another 20 h. Polybrene (8 ı`g ml À1 ) was included to assist infection efficiency. After a brief drug selection, cells were split 1:4 and starved for 48 h prior to stimulation with serum for the indicated times.
Reporter assays
Reporter assays to determine the effects of mutations in the E2F2 promoter on E2F1-induced promoter activity were carried out on 24-well dishes. Cells were plated at a density of 2 Â 10 4 cells per well and were transfected 24 h after plating with 400 ng reporter, 0.5 ng pRL (Renilla) and increasing amounts of HA-E2F1 (0-12 ng). The total mass of transfected DNA in each well was kept constant by adding empty vector plasmid DNA, when necessary. All experiments were performed in triplicates, and mean ± s.d. values were determined. . All transfections were performed for 3 h overnight at 37 1C and then cells were allowed to recover in 10% FBS-DMEM. At 18-36 h after transfection, cells were washed with 0.5 mL 1 Â PBS and then lysed with 1 Â Passive Lysis Buffer according to the manufacturer's protocol (Promega, Madison, WI, USA). Luciferase activity was determined from triplicate samples and expressed as the average relative luciferase units normalized to Renilla activity.
Chromatin immunoprecipitation assay
Modifications were made to a ChIP assay, previously published (Takahashi et al., 2000) . Nuclear chromatin extracts were incubated with antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA) (4 mg anti-c-Myc (N262), 4 mg anti-HA (Y-11) or 1 mg anti-E2F1 (KH95)) or Upstate Biotechnology (Erie, PA, USA) (anti-acetyl-histone H4 (06-866)) at concentrations recommended by the manufacturer) at 4 1C overnight. Immunoprecipitates were collected on 25 ml Protein A agarose beads (Roche) for 1-2 h at 4 1C. After thorough washing, immunoprecipitates were de-crosslinked and chromatin was recovered as described previously (Takahashi et al., 2000) . Semiquantitative radioactive PCR was performed with 32P-dCTP and primers specific for the gene promoters of interest, and products were analysed by 6% acrylamide gel. Quantitiative PCR (qPCR) analyses were performed in real time using the ABI PRISM 7900 Sequence Detection System and SYBR Green Master Mix following the manufacturer's protocol. Relative occupancy values were calculated in a manner similar to that described by Wei et al. (2006) . Final values reflecting promoter occupancy are reported as the percent of input DNA, immunoprecipitated from each antibody after adjusting to input levels and normalization to albumin levels. Primer sets for qPCR used include:
Albumin ( Reporter chromatin immunoprecipitation T98G cells plated on p150 plates were transiently transfected with 30 mg reporter plasmid, 3 mg pRL and 3 mg b-gal per plate using the Superfect reagent (Qiagen). Cells were split into starvation media 18 h following transfection and allowed to starve for 48 h at 37 1C. Cells were then stimulated to enter cell cycle by addition of FBS to a concentration of 20% and then harvested at various times following stimulation. Cells were crosslinked and prepared for ChIP as described previously (Giangrande et al., 2004) . After cell nuclei were collected and washed once, soluble nuclear material was extracted by incubation in 1 Â radioimmuno precipitation assay (RIPA, 50 mM HEPES, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) for 30 min on ice. Soluble nuclear material containing reporter plasmids was collected, sonicated for 20 s, and then used for immunoprecipitation of protein associated with plasmid DNA. Immunoprecipitations were performed with 4 mg anti-c-Myc (N262), 1 mg anti-E2F1 (KH95) or 2 mg NR, and collected with Protein A/G Agarose beads (Oncogene, Philadelphia, PA, USA). Associated plasmid DNA material was collected and cleaned and then subjected to analysis by semiquantitative PCR. PCR for pRL plasmid served as an internal control for transfection efficiency and specificity of immunoprecipitation. PCR primers specific for the E2F2-luc reporters were developed and used to detect associated reporter plasmid in each immunoprecipitation. Primer sequences include:
Renilla ( 
Western blot
To determine knockdown of Myc expression by adenovirus shRNAs, whole cell lysates were prepared using RIPA buffer. All proteins were separated by 8-10% SDS-PAGE and transferred to PVDF membrane (Immobilon). Proteins were detected with antibodies directed against c-Myc (N262, or C33), E2F1 (C20, or KH95) or HA (Y-11) from Santa Cruz Biotechnology.
